The aim of this study was to evaluate the effects of the kinds of veneering ceramics and veneering methods on the debonding/crack initiation and 3-point flexural strengths in bilayered zirconia core and veneering ceramic composites. Zirconia block was used as core material, and Cerabien ZR and Lava Ceram for the layering technique and IPS e.max ZirPress and Amber LiSi-POZ for the heat pressing technique were used as veneering materials. Both debonding/crack initiation and 3-point flexural strengths of bilayered zirconia core and veneering ceramic composites as well as the bi-axial flexural strengths of veneering materials, were higher when using heat pressing technique than layering technique. It was identified that not only bonding strength between zirconia core and veneering materials but also the intrinsic strength of veneering ceramic should be high to prevent chipping of veneering material.
INTRODUCTION
The use of all-ceramic restorations with superior esthetics and functionality is recently increasing for prosthetic treatment. Ceramic is an excellent crown molding material because of its high compressive strength as well as outstanding wear resistance and esthetics. However, ceramic can be easily fractured by stress concentration at defects since it has brittleness 1) . Metal-ceramic restorations reinforced with metal in the substructure have been widely used to solve the problems related to fracture of ceramics with low strength and high brittleness. However, these restorations have been proved to have several disadvantages, such as the increase in brightness caused by light reflection on the opaque porcelain layer, manifestation of shadows of 2-3 mm in the gums due to light blocking caused by metal coping, exposure of marginal metals, bind failure between metal and porcelain, metal-related allergies, etc. 2, 3) . Thus, the use of all-ceramic restorations with superior esthetics has been increasing.
Zirconia, which has excellent mechanical properties, has been introduced recently as all-ceramic restorative material. Furthermore, as the process of manufacturing restoration has become simpler and more accurate due to the introduction of computer-aided design (CAD)/ computer-aided manufacturing (CAM) technologies, the use of zirconia ceramic when manufacturing restoration has increased 4, 5) . Tetragonal zirconia polycrystalline ceramics (3Y-TZP) stabilized by adding 3 mol% of yttria are mainly used for the zirconia block for CAD/CAM processing when manufacturing dental prosthetic appliances 6) . The 3Y-TZP zirconia block remains metastable at room temperature, but changes from tetragonal to monoclinic when applied stress by polishing or blasting treatment. Since a 3-5% volume expansion takes place during this process, a residual compressive stress layer is created on the surface, which results in improvement in fracture resistance of 3Y-TZP zirconia [6] [7] [8] . Due to these reasons, 3Y-TZP displays excellent strength and fracture toughness at room temperature.
Bilayered zirconia restoration for an incisor, which porcelain is veneered on the lower zirconia core, is widely applied since single structural zirconia restoration has low esthetics. Although such dual structures are esthetic, fracture can occur easily due to the low tensile strength and bonding force of veneering ceramics, and also cracks leading to restoration failure can initiate on the surface of veneered materials or in the bonding interface with the core 9, 10) . It has been reported that the veneering ceramics has higher strength when using heat pressing technique than when using layering technique 11) .
In this study, veneering ceramics were applied on zirconia for CAD/CAM processing by the layering technique and the heat pressing technique, and the effects of the method and material type on the debonding/ crack initiation and 3-point flexural strengths of 
MATERIALS AND METHODS

Experimental materials
3Y-TZP Zirconia block (Zirtooth, Hass, Gangneung, Korea) for CAD/CAM processing was used as core material. As veneering materials, Cerabien ZR (Noritake, Nagoya, Japan) and Lava Ceram (3M ESPE, Seefeld, Germany) were used for the layering technique, and IPS e.max ZirPress (Ivoclar vivadent, Schaan, Liechtenstein) and Amber LiSi-POZ (Hass) were used for the heat pressing technique ( Table 1) .
Measurement of the biaxial flexural strength of veneering ceramics
The powder of each type of ceramic used for the layering technique was mixed with the solution manufactured for each ceramic to create a viscous mixture. Then, specimens were created by filling a 1.8 mm-thick metal mold with an inner diameter of 17 mm with the mixture and using tissue to absorb the moisture. After this, specimens were fired under the firing conditions recommended by the manufacturing company as shown in Table 2 . When creating the specimen for heat pressing technique, a self-polymerizing pattern resin (GC, Tokyo, Japan) was used. To create disc-shaped specimens, powder and liquid were mixed in proportion of 2:1 and poured into a 1.2 mm-thick metal mold with an inner diameter of 13 mm. After this, pressure was applied with a glass plate after interposing a polyethylene sheet to remove excess resin. After preparing 10 patterns per each material, they were buried and heat pressed according to the conditions recommended by the manufacturer as shown in Table 2 . Then, after removing the investing material from the surface of each specimen, specimens were sequentially polished with SiC sandpaper starting from #400 until #2000. Then, polishing process was finished with a 1 μm-diamond paste (Beuhler, Lake Bluff, IL, USA) to remove micro defects of the surface.
To measure the strength of disc-shaped specimens, a biaxial flexural test was performed as required by ISO/ CD 6872.2:2005 as shown in Fig. 1a . After mounting a load device for biaxial flexural test on the material testing machine (4201, Instron, Norwood, MA, USA), a compressive force was applied at crosshead speed (0.5 mm/min) to record the load at the moment when fracture occurred. The biaxial flexural strength (σ) was calculated using Eq. (1)- (3) .
(1)
Here, S is the maximum biaxial flexural strength (MPa), P is the specimen's fracture load (N), ν is Poisson's ratio (0.25), r 1 is the radius of the supporting circle (mm), r2 is the circumferential radius of the load part (mm), and r3 is the specimen's radius (mm).
Measurement of the debonding/crack initiation strength between veneering ceramic and zirconia
To prepare 40 specimens for the measurement of debonding/crack initiation strength, a Zirtooth disc block (Hass) was cut into 3 mm width, 0.5 mm thick and 25 mm long, and temperature was raised at a heating rate of 8.3°C/min and maintained during 2 h at 1,450°C. The test to measure the debonding/crack initiation strength of bilayered zirconia core and veneering ceramic composites was performed in accordance with ISO9693. 50 μm-alumina powder (Cobra aluminum oxide, 1594-1205, Renfert, Hilzingen, Germany) was sprayed at 2 atm of pressure on the 8 mm-wide part in the center of the zirconia specimen and heat treated for 5 min at 1,000°C to restore the phase transition layer. In the case of two kinds of the ceramics for applying the layering technique, the powder of each type of ceramic was mixed with the solution manufactured for each ceramic to create a viscous mixture. Then, mixture were filled in a Teflon mold patterned with 0.3 mm-thick and 3 mm width and 8 mm long, and then with the mixture and using tissue to absorb the moisture. After this, specimens were fired under the firing conditions recommended by the manufacturing company. The mold was filled with the mixture using vibration after locating the mold on the zirconia specimen, after which moisture was absorbed using tissue. Then, the specimen was molded so that it would be 0.3 mm thick and fired for the first time. After that, the specimen was molded and fired for the second time so that it would become about 1.1 mm thick. Finally, it was molded and fired for the third time so that the thickness of veneer ceramics would be of (1.1±0.1) mm as shown in Fig. 1b . In the case of two kinds of the ceramics for applying heat pressing technique, pattern resin was applied to the 8 mm-wide part of the zirconia specimen's center to create a 1.1 mmthick layer. After this, it was buried and casted according with the conditions recommended by the manufacturer, and then molded by heat pressing. After this, it was blasted with glass bead at 2 atm to remove the investing material from the specimen's surface.
The load which the fracture occurred at the bonding interface was measured using the material testing machine (4201, Instron) at a loading rate of 1.5±0.5 mm/ min after installing the test jig with a span distance of 20 mm. The debonding/crack initiation strength (σ) between zirconia and veneer ceramic was calculated using the following equation.
Here, k which is the coefficient determined by zirconia's Young's modulus (E M) and the thickness of the zirconia specimen (dM) in accordance with ISO9693. In this research, zirconia's Young's modulus was set to be 210 GPa 12) .
Measurement of the 3-point flexural strength of the bilayered zirconia core and veneering ceramic composites
After preparing 40 Zirtooth plate specimens of 3 mm (width)×0.5 mm (thickness)×25 mm (length), the bonding part was sprayed with 50 μm alumina powder at 2 atm of pressure and heated during 5 min at 1,000°C after rising the temperature with a heating rate of 8.3°C/min to restore the phase transition layer. Then, according with the conditions recommended by each manufacturer, the layer of veneering ceramic was formed on the zirconia surface so that it would become 1.1 mm thick to make a bilayered zirconia core and veneering ceramic composites. The load which chipping occurred at the veneering ceramic was measured by the material testing machine (4201, Instron) at a loading rate of 0.5 mm/min after installing the jig with a span distance of 20 mm. The 3-point flexural strength was calculated by the composite beam theory. As shown in Fig. 1c , the composite beam composed by zirconia (material 1) and veneered ceramic (material 2), which have different young's moduli, was converted into one material with the same young's modulus, and then the veneered ceramic's 3-point flexural strength (σ p) was calculated using following Eq. (5) .
My c σp= (5) It
Here, M is the bending moment, yc is the distance from the specimen's underside until the sectional center, and I t is the secondary moment of the neutral axis of the converted section.
The distance from the specimen's underside until the sectional center (y c) and the secondary moment of the section (It) can be expressed as Eqs. (6) and (7) .
Here, b is the specimen's width, and n is the young's modulus ratio of materials 1 and 2.
Observation of microstructure
After polishing the surface, the porcelain was etched using 1% HF aqueous solution during 1 min. Also, the ceramic containing fluorapatite crystals was etched using 3% HF aqueous solution during 10 s, and the lithium-disilicate crystal reinforced ceramic was etched using 9% HF aqueous solution during 30 s. Then, the surface of each specimen was observed using a highresolution field emission scanning electron microscope (HR FE-SEM in KBSI in Jeonju, S800, Hitachi, Tokyo, Japan) after platinum coating.
Statistical analysis
After verifying the statistical significance of the measured values using one-way ANOVA, the difference between groups was compared by the Tukey HSD test as post-test method. A significance level (p-value) of less than 0.05 was considered as statistical significance. Figure 2 shows the morphologies of the microstructure for the 4 kinds of ceramics veneered on zirconia core. The leucite crystalline phases were dispersed in the CZgroup (Fig. 2a) for layering technique. The fluorapatite crystalline phases were dispersed in the LC-group (Fig.  2b) for layering technique and in the IZ-group (Fig. 2c for heat pressing technique. The crystalline phases were finer in the IZ-group (Fig. 2c ) than in the LC-group (Fig.  2b) . The needle-shaped lithium-disilicate crystalline phases were dispersed in AL-group (Fig. 2d ) for heat pressing technique. Figure 3 shows the average biaxial flexural strength for the 4 kinds of veneering ceramic, the debonding/ crack initiation strength measured according to ISO 9693 between zirconia and the veneered ceramic, and the strength measured at the moment when chipping occurred in the veneer during the 3-point flexural test of the bilayered zirconia core and veneering ceramic composites. The value of biaxial flexural strength was the lowest in the LC-group (77.9±14.3 MPa) and the highest in the AL-group (344.8±26.9 MPa). The AL-group was different from other groups in terms of statistical significance (p<0.05). The lowest value of the debonding/crack initiation strength was found in the CZgroup (28.5±3.4 MPa), and the highest value was found in the AL-group (41.3±5.1 MPa). There was a difference in terms of statistical significance between the Algroup and the CZ-group (p<0.05). The value of 3-point flexural strength for the bilayered zirconia core and veneering ceramic composites was the lowest in the CZgroup (53.6±3.8 MPa) and the highest in the AL-group (152.7±14.2 MPa). A difference in terms of statistical significance was found between all groups except the CZ and LC-groups (p<0.05). Figure 4 shows the HR FE-SEM images of the bonding interface between veneering ceramics and core. Some defects and microgaps were observed in the bonding interface of all test groups. Figure 5 shows HR FE-SEM images of the zirconia surfaces after measuring the bonding strength between cores and veneering ceramics. It was observed that the reactive layer covered the zirconia surface in the bonding interface of all test groups. Cohesive fractures were dominantly found in the destructed surface of CZ and LC-groups applying the layering technique, and mixed fractures which the zirconia surface was partially exposed were dominantly found in IZ and AL-groups applying heat pressing technique.
RESULTS
DISCUSSION
In this research, results of tests for the bilayered zirconia core and veneering ceramic composites revealed that the 3-point flexural strength of veneering ceramic increased with increasing debonding/crack initiation strength, which rejected partially the null hypothesis of this research.
Glass-ceramics or feldspathic porcelains have been veneered on zirconia to manufacture the bilayered zirconia all-ceramic crowns with the excellent mechanical properties and improved esthetics because zirconia ceramics have lower translucency by their high crystalline content 13, 14) . Even though bilayered zirconiabased restorations use the zirconia cores with high strength, it was lately reported that the estimated 5-year survival rates for zirconia-ceramic implant-supported fixed dental prostheses (FDPs) of 93% was lower than it for metal-ceramic implant-supported FDPs of 98.7%, but the complication rates which the repair were required by ceramic fracture and chipping were 2.5% for zirconiaceramic implant-supported FDPs and 4.7% for metalceramic implant-supported FDPs respectively 15) . In the latest clinical review, it was confirmed that five-year survival estimates of implants supporting partial and full-arch all-ceramic implant-supported fixed dental prostheses (P-FDPs and FA-FDPs) were 98.5% and 99.4% respectively, but the estimated 5-year complication rates by chipping of the veneering ceramic were 22.8% (P-FDPs) and 34.8% (FA-FDPs) 16) . Fortunately, most clinical studies reported that most of chippings were considered for very small fractures that could be simply polished or repaired simply using resin composites in the oral cavity, and a few of chippings were considered large fractures that require removal 17) . But, the chipping of the veneering ceramic is still contemplated very inconvenient complication in the dental clinic 17) . Thus, many researchers have been trying to solve the problem of chipping for prolong usable period of restorations.
Actually, the chipping and delamination of veneering ceramics are affected by various factors such as mechanical properties of veneering ceramics, residual stress caused by thermal incompatibility, bonding between the veneer ceramic and zirconia core and pores and micro gaps in the bonding interface and inside the sintered body [18] [19] [20] . Both the debonding/crack initiation and the 3-point flexural strengths were higher in case of applying heat pressing technique then in case of applying the layering technique in this study. The reason for higher debonding/crack initiation strength when using heat pressing technique might be because the manufacturing process of the heat pressing technique is more accurate and generates less inner bubbles than the conventional layering technique, as explained by Dong et. al. 11) and Gorman et. al. 21) . Many previous studies reported that zirconia specimens veneered using a heat pressing technique had higher mechanical properties than them of layering technique, since the heat pressing technique reduces the exposure of zirconia to moisture by fewer firing step and provide higher density by pressure as well as less micro gap formation and defects caused by deformation and cooling stress differences than the layering technique [22] [23] [24] . Also, the heat pressing technique has some clinical benefits like accelerating the working speed and decreasing the technique sensitivity 25) . These advantages of the heat-pressing technique can decrease the chipping and delamination veneering ceramics from zirconia core. In previous clinical study, it was reported that the prosthesis using heat pressing technique (vs. traditional method) had a lower fracture rate 2 years later than the layering technique in both zirconia and metal ceramics 26) .
Delamination and chipping of veneering ceramic from a bilayered all-ceramic restoration can be occurred by the residual thermal stresses at the core-veneer interface resulted from a considerable mismatch of the coefficient of thermal expansion (CTE) between zirconia core and veneering ceramic 17, 27) . Veneering ceramics with slightly lower CTE than zirconia core have been recommend to induce residual compressive stress in veneering layer since the chipping of veneering layer can be more easily occurred by the combination of the tensile stress generated during mastication when the residual stresses are the tensile type in veneering layer [27] [28] [29] . However, this also generate the tensile stress in zirconia core, which has a negative impact on the zirconia core 24) . Thus, the CTE difference between −0.61×10 −6 and +1.02×10 −6 /K was recommend to prevent the occurrence of high residual stresses 30) . As shown in Table 1 , the CTEs of veneering ceramics used in this study have lower CTE than zirconia (10.7×10 −6 /K based on manufacturer scientific data), which means that all veneering layers are under residual compressive stress. Also, the CTE differences between veneering ceramics and zirconia are in above range except CZ-group. Thus, it is considered that CTE mismatch not affected the mechanical properties much, but this might result in the lowest the debonding/crack initiation strength and 3-point flexural strength of CZ-group slightly in this study.
This being so, it is thought that higher 3-point flexural strengths of IZ and AL groups applying heat pressing technique than them of CZ and LC gourps applying layering technique resulted from the tempering residual stress which is the different kind of residual thermal stress being developed thermal gradient in a bilayered all-ceramic restoration during cooling from the temperature above the glass transition point [31] [32] [33] . The distribution and magnitude of residual stress formed in a bilayered all-ceramic restoration are usually affected by the thermal expansion mismatch associated with difference of CTE between the veneering and framework materials and the tempering residual stress associated with cooling rate as well as the relative thickness of the veneering and framework materials 33) . In previous studies conducted by Asaoka, it was confirmed that the magnitude of the transient and residual stresses in porcelain of metal-porcelain strip increased with cooling rate 31, 32) . Also, Swain reported that compressive stress is distributed at the surface within the external 16% of thickness of porcelain and compensating tensile stress develop internally when analyzed the distribution of the combined thermal mismatch and tempering residual stress for the bilayered model made of 1 mm zirconia framework and 3 mm thickness of veneering porcelain cooled at 50°C/s 33) . This distribution of residual stress makes cracks harder to generate initially due to the surface compressive stress, but once cracks start developing, crack extension can be promoted by internal tensile stress and chipping of veneering ceramic can easily occurred 33) . Thus, slower cooling rate for minimal thermal gradient in materials is beneficial to minimize the magnitude of tempering residual stress in veneering ceramic bilayered on zirconia core with the low thermal diffusivity 33) . For that reason, it is considered that groups applying heat pressing technique had higher 3-point flexural strengths than them of groups applying layering technique in this study since heat pressing technique potentially can reduce the magnitude of tempering residual stress by relatively lower thermal gradient in veneering ceramic bilayered on zirconia core than layering technique.
Also, in case of the fluorapatite-crystal reinforced glass ceramic, the 3-point flexural strength of IZ-group applying the heat pressing technique was significantly higher than that of LC-group applying layering technique, depending on the method of applying the veneering ceramics. The reason of this is that, when using the heat pressing technique, molding can be performed by applying pressure only once after softening the ingot. However, when using layering technique, inner pores were generated and fluorapatite crystals were coarsened during the repeated layering process, which resulted in the decrease of the 3-point flexural strengths. The 3-point flexural strengths of the AL-group was significantly higher than in other groups, which was resulted from the intrinsic superior fracture resistance of the lithiumdisilicate crystal reinforced glass-ceramic.
Chipping and delamination of veneering ceramic are fracture modes occurring in the veneer ceramic and at the bonding interface respectively 34) . In previous studies, various fracture modes such as cohesive, adhesive and mixed fractures were identified by different test methods [35] [36] [37] . However, the bilayered zirconia all-ceramic crowns showed higher failures by cohesive fracture than adhesive fracture in clinical study, which could resulted from the intrinsic low mechanical properties of veneering ceramics and defects within the veneering ceramic formed during the layering process 38) . Also, the bonding strength between zirconia core and veneering ceramic is crucial since the delamination can be occurred by adhesive fracture resulted from the weak bonding strength. When applying layering technique and heat pressing technique, cohesive failure and mixed fractures were respectively observed on the destructed surface of zirconia's core at the bonding interface in this study. The reason that the groups of heat pressing technique showed higher chipping strength and mixed fractures is because the bonding was occurred between zirconia and veneers by chemical reaction due to longer holding time at high temperature than that of layering technique 39) .
Considering all results of this study, it is useful to use the heat pressing technique and veneering material with superior mechanical properties to prevent the chipping and delamination of veneering ceramic of the bilayered zirconia all-ceramic crowns.
CONCLUSION
Veneering ceramics were applied on zirconia by the layering technique and the heat pressing technique, and then the effects of the veneering materials and methods on their mechanical properties were investigated in this study. The biaxial and triaxial flexural strengths and debonding/crack initiation strength were higher when applying heat pressing technique then when applying layering technique. The mechanical properties of ALgroup were the highest in comparison to other groups, which showed statistically significant difference. It was identified that the debonding/crack initiation strength and triaxial flexural strength of the zirconia and veneering ceramic composites are affected by the magnitude of residual stress which resulted from veneering method as well as the intrinsic strength of veneering ceramic material. Thus, the choice of veneering method which can develop optimal distribution of residual stress in bilayered composite using veneering ceramic with high strength are crucial to prevent the chipping of veneering ceramic in bilayered zirconia core and veneering ceramic composites.
